Abstract. Cancer cells with a high glycolytic rate have an advantage in tumor growth. Hepatocellular carcinoma (HCC) often exhibits an aberrant expression of glycolytic enzymes, particularly type II hexokinase (HKII) and aldolase B (ALDOB). This study examined the aberrant expression of HKII and ALDOB in 203 surgically resected HCCs. A dramatic down-regulation of ALDOB was found in 116 HCCs (57%), while 43% of HCCs maintained the expression. HKII mRNA was overexpressed in 70 (35%) primary HCCs. The ALDOB down-regulation and HKII overexpression correlated with high-grade (grade II-IV) HCC (all ps<0.0001), portal vein invasion (stage IIIB-IV) (ps<1x10 -6 ), early tumor recurrence (ETR) (p<0.001 and p<0.01, respectively) and a lower 5-year survival (p=0.000001 and p=0.0062, respectively). Notably, in stage II HCC which had no vascular invasion, the ALDOB down-regulation was associated with ETR (p<0.05) and a lower 5-year survival (p=0.015). The down-regulation of ALDOB correlated with a high AFP (p=1x10 -8 ), whereas the overexpression of HKII, which has two functional motifs for the mutant p53, correlated with the p53 mutation, p<0.01. The three factors (ALDOB down-regulation, HKII overexpression and p53 mutation) not only correlated with tumor progression, but also interacted with one another, leading to a more aggressive HCC with a portal vein invasion and various extent of intrahepatic metastasis by more than four-fold (ps<1x10 -6 ) and frequent ETR by more than two-fold (ps<0.0001) compared with HCCs without the events. In conclusion, the aberrant expression of ALDOB and HKII is associated with advanced disease, ETR and poor prognosis, and ALDOB down-regulation in stage II HCC is a predictive marker of ETR and an unfavorable outcome.
Introduction
During the progression of malignant tumors, the genetic and epigenetic alterations accumulate and the rapidly growing tumors need to overcome hypoxia and nutrient deprivation owing to the inadequate blood supply, leading to changes in the energy demands of the cancer cells (1, 2) . The metabolic changes are manifested by an increase in glucose, fatty acid and amino acid metabolism and a decrease in oxidative phosphorylation (3, 4) . Glucose is the primary energy source and a high rate of glycolysis, which is one of the earliest discovered hallmarks of cancer cells (3, 5, 6) , provides the tumor with metabolic and survival advantages. Several key genetic alterations associated with tumor development were recently shown to affect glycolysis directly, such as p53 mutation and the activation of HIF-1 (7, 8) . The two bona fide tumor suppressor mitochondrial enzymes, succinate dehydrogenase (SDH) and fumarate hydratase (9) , are parts of the Krebs cycle that links glucose metabolism to mitochondria oxidative phosphorylation. The accumulation of succinate caused by SDH mutation leads to the stabilization and activation of HIF-1α (8) . The tumor suppressor p53 activates TIGAR (TP53-induced glycolysis and apoptosis regulator) to block glycolysis. Thus, the inactivation of p53 would decrease respiration and increase glycolysis (10) . The unique high glycolytic metabolic phenotype in cancer has become a new potential target for gene therapy (11, 12) , tumor imaging and the prediction of therapeutic effects (13) (14) (15) . These observations highlight the importance of the glycolytic enzymes in human cancer. ONCOLOGY REPORTS 19: 1045 -1053 , 2008 Aberrant expression of the glycolytic enzymes aldolase B and type II hexokinase in hepatocellular carcinoma are predictive markers for advanced stage, early recurrence and poor prognosis Hepatocellular carcinoma (HCC), the leading cause of cancer mortality in Taiwan (16) , has unique features distinct from other human cancers. The liver is the biggest metabolic organ in the body with enriched metabolic enzymes, and receives mainly hypoxic portal venous blood enriched with nutrients from the gastrointestinal absorption, whereas the highly vascular HCC receives a predominantly arterial blood supply. The dramatic changes in blood and oxygen supply, together with the shut-off of the privileged nutrients from the portal vein blood, will inevitably force HCC to develop alternatives, particularly the glycolytic enzymes, to adapt these changes (17) . The crucial role of glucose utilization for HCC cell growth is highlighted by the observation that HCC cell lines undergo acute cell death upon glucose starvation (18, 19) and the replacement of glucose by pyruvate represses glycolytic enzyme activity and inhibits rat hepatoma cell proliferation (17) .
The glycolytic enzymes, hexokinase and aldolases, perform the first and sixth step of glycolysis, respectively. Many cancers with a high glucose catabolic rate frequently depend on the overexpression of type II hexokinase (HKII), especially under hypoxic conditions (20) . HKII, which is nearly silent in the liver due to DNA hypermethylation (21, 22) , is markedly overexpressed in highly glycolytic tumors (21, (23) (24) (25) , including the human HCC (26) and HCC cell lines (21, 24, 27) . HKII has two functional p53 motifs in the promoter, which can be activated by the mutant p53, and plays a role in maintaining a high glycolytic rate in p53-mutated cancer cells (28) . Aldolase catalyzes the reversible cleavage of fructose-1,6-(bis) phosphate and fructose 1-phosphate to dihydroxyacetone phosphate and either glyceraldehyde-3-phosphate or glyceraldehyde, respectively (29, 30) . Vertebrate aldolases have three isozymes. Aldolase A (ALDOA) exists in muscle and fetal liver, aldolase B (ALDOB) predominantly in adult liver, and aldolase C in the brain. The fetal liver isozyme aldolase A increased after a partial hepatectomy and in hepatoma, whereas the more differentiated type isozyme aldolase B did not change and was distinctly low in hepatoma (30, 31) .
Regardless of these observations, the general consensus is mainly based on the observations in cancer cell lines (21, 23, 24, 32) , and due to the information in human HCC being limited to a small series of patients the clinicopathological significance is largely unknown (33) . In this study, we analyzed the aberrant expression of the two major glycolytic enzymes, ALDOB and HKII, in 203 HCCs to elucidate their clinicopathological significance. We showed that the aberrant expression correlated with vascular invasion, early tumor recurrence (ETR) and the poor prognosis of HCC, and interacted with each other and with the p53 mutation, towards advanced disease.
Materials and methods
Patients. Between 1982 and 1997, 203 surgically resected, unifocal, primary HCCs, which were pathologically assessed at the National Taiwan University Hospital and had RNA samples, formed the basis of this study, as described (34) (35) (36) . These patients had an adequate liver function reserve and had not received intervention therapies, as previously described (34) (35) (36) . This study was executed according to the regulation of the ethics committee of the Hospital. The patients were 156 males and 47 females, with a mean age of 54.9 (range, 14-88) years. Serum hepatitis B surface antigen (HBsAg) was detected in 134 cases, anti-HCV antibody in 62, including 15 positive for both. Liver cirrhosis was found in 81 cases (40%).
Histological study and tumor staging. The tumor grade was divided into three groups: well-differentiated (grade I, 49 cases), moderately-differentiated (grade II, 88 cases) and poorly-differentiated (grade III, 59 cases and grade IV, 20 cases). The tumor stage of the unifocal HCC closely correlated with prognosis, as described (35, 36) . Stage IIIA-IV HCC had vascular invasion, whereas stage I and II HCC did not. The tumor staging was classified into I (well-encapsulated minute HCC ≤2 cm, 4 cases), II (encapsulated or unencapsulated HCC without vascular invasion, 84 cases) and IIIA (with invasion of vessels in tumor capsule, 32 cases). Stage IIIB (25 cases) had an invasion of a portal vein (PV) branch, accompanied by a grossly discernible or microscopic satellite close to the tumor in 19 cases (76%). Stage IV HCCs (58 cases) had an invasion of the major PV branches and were accompanied by satellites deep in the liver in 51 cases (88%), or an invasion of the Gleason capsule or the tumor rupture (1 case).
Reverse transcription-polymerase chain reaction (RT-PCR).
RT-PCR assays at the exponential phases were used for large-scale quantitative measurements for human ALDOB, HKII and the internal control S26 ribosomal protein mRNA in an automated DNA thermal cycler 480 (Perkin-Elmer/ Cetus), as described (35) (36) (37) (38) . The PCR was stopped at 22 cycles for ALDOB and S26, and at 30 for HKII with an initial additional 8 cycles for HKII. The target mRNA expression levels on 2% agarose gel were determined by the ratios of signal intensity of the target genes to that of S26 measured by 1D Image Analysis Software (Kodak Digital Science, USA). The target (ALDOB or HKII)/S26 ratios were scored as high (>1.2, 49 cases and 34 cases respectively), intermediate (0.5-1.2, 38 and 36 cases, respectively), low (<0.4, 13 and 81 cases, respectively) and negligible or negative (103 and 52 cases, respectively). A ratio of <0.5 at 22 PCR cycles was considered as the down-regulation for ALDOB, and a ratio of ≥0.5 was regarded as the overexpression for HKII. Tissue culture and conditions. All the cell lines, including HCC cell lines (Hep3B, HA22T, PLC/PRF/5, SKHEp-1 and HepG2) were cultured in DMEM supplement with 10% fetal bovine serum at 37˚C with 5% CO 2 .
Analysis of p53 mutation. The mutations of the p53 tumor suppressor gene were analyzed in 169 tumors by a direct sequencing spanning exon 2 to -11, as previously described (39, 40) .
Follow-up observation, early tumor recurrence (ETR) and treatment.
The intrahepatic tumor recurrence or distant metastasis detected by imaging diagnosis within 12 months after tumor resection was designated as early tumor recurrence (ETR), as previously described (35, 36) . Among the 203 study patients, 202 cases (99.5%) were followed for >5 years (71 cases) or until death (131 cases), and 184 (90%) were eligible for the evaluation of ETR. Among the 89 cases with ETR, 40 (45%) received tumor resection and/or TACE.
Statistical analysis. The data analyses were carried out using the Epi Info (Version 3.3.2, Centers for Disease Control and Prevention, Atlanta, GA) and SAS (Version 9.1, SAS Institute Inc., Cary, NC) software. The χ 2 , Fisher exact test and log-rank test were used for univariate analysis.
Results

Expression of ALDOB and HKII in human hepatocellular carcinoma (HCC) and HCC cell lines.
The mRNA expression levels of ALDOB and HKII in human HCC cell lines ( Fig. 1 ) and paired HCC and non-tumorous liver tissue samples (Figs. 2 and 3) were examined by RT-PCR at the linear range, 22 cycles for ALDOB, 30-32 for HKII and 22 for internal control ribosomal protein mRNA S26. The ALDOB mRNA was expressed at a high level in the human liver (Fig. 2) , but was undetectable or expressed at very low levels in all the cancer cell lines of liver cell lineage (HA22T, HCC36, Hep3B, PLC/PRF/5, SKHEp and HepG2) ( Fig. 1 ) and frequently decreased dramatically in human HCC (Fig. 2) . In contrast, HKII mRNA was detected in all the cancer and immortalized cell lines of liver and non-liver cell lineage (Fig. 1, lower  panel) . In human HCC, HKII mRNA was often overexpressed, but mostly at lower amounts compared with the cell lines.
Among the 203 unifocal, primary HCCs examined, ALDOB mRNA was dramatically decreased or absent in 116 (57%) of the samples (Fig. 2) , while the down-regulation was found in only 9 (5%) out of 181 the non-tumorous livers examined. The overexpression of HKII was detected in 70 (35%) of the 203 HCCs (Fig. 3) . However, HKII mRNA was also overexpressed in 19 (13%) out of the 145 non-tumorous livers examined. the down-regulation (≤200 ng), but not without other parameters, such as age, gender and serum HBsAg status (Table I) . Pathologically, the down-regulation of ALDOB positively correlated with a higher tumor grade (grade II-IV HCC, p<0.00001), but not with liver cirrhosis and notably tumor size. Importantly, the down-regulation of ALDOB was strongly associated with a more advanced stage (IIIB-IV) of HCC (p<1x10 -8 ), as compared with stage I-II HCC (Table I ).
Aberrant expression of ALDOB and HKII in HCC
The overexpression of HKII mRNA, which correlated with a younger age (p<0.01) and positive serum HBsAg (p<0.05), did not correlate with serum AFP elevation. Histopathologically, HKII overexpression also correlated with highgrade (grade II-IV) tumors (p<0.0001) and, importantly, was also associated with a higher tumor stage (IIIB and IV), which was more than three-fold higher than stage I and II tumors (p<1x10 -8 ). Table I . The down-regulation of ALDOB in relation to major clinicopathological indices of tumor progression in unifocal hepatocellular carcinomas. -------------------------------------------------------------------------------------------------- -
----------------------------------------------------------------------------------------------------
ALDOB down-regulation and HKII overexpression in relation to early tumor recurrence (ETR) and poor prognosis.
ETR is the most crucial clinical event associated with the poor prognosis of HCC patients after receiving total tumor resection (35, 41, 42) and is considered a critical unfavorable prognostic event ahead of death. Thus, the aberrant expression of ALDOB and HKII was compared with other clinicopathological risk factors for ETR. As shown in Table II , ALDOB down-regulation (p=0.00042), HKII overexpression (p=0.0016), high AFP (p=0.000024) and p53 mutation (p=0.0005) were significant molecular risk factors. Besides, the stage IIIA tumor (p=0.00051), stage IIIB-IV tumor (p=1x10 -8 ) and larger tumor (p=0.00031) were the significant histopathological risk factors, particularly stage IIIB-IV tumors that had invasion of portal vein (PV) branches and were accompanied by a grossly discernible or microscopic satellite tumor nodule in 87% cases (72 out of 83).
Importantly, the down-regulation of ALDOB and overexpression of HKII, which were associated with highgrade and high-stage HCCs and ETR, contributed to lower rate of 5-year survival, p=0.000001 and p=0.0062, respectively ( Fig. 4A and B) .
The down-regulation of ALDOB in low-stage HCC predicts ETR and poor prognosis.
Although the tumor stage is the most crucial histopathological prognostic factor of HCC (35) , the patients of the same tumor stage often have a different prognosis. To determine whether the aberrant expression of HKII and ALDOB can predict the patients of the same tumor stage but with a higher risk of poor prognosis, we analyzed the gene expression in the HCC of different stages. In stage II HCC, the down-regulation of ALDOB was associated with more frequent ETR (32% or 9/28 versus 13% or 7/52, p<0.05) and a lower rate 5-year survival than those with a normal ALDOB expression, p=0.015 (Fig. 4C) .
Interaction of the aberrant expression of ALDOB and HKII with p53 mutation in relation to portal vein invasion and
ETR. The promoter of HKII contains two functional p53 motifs and is activated by the mutant p53 (28) . In this study we found that p53 mutation, which was detected in 85 (50%) out of 169 HCCs examined, correlated with HKII overexpression (p<0.01), but not with ALDOB down-regulation (Table I) . We therefore carried out pair-wise analysis to explore the potential interaction of the aberrant expression of ALDOB and HKII with p53 mutation. The aberrant expressions of the two genes exhibited an interaction with each other and with the p53 mutation and contributed cooperatively toward more frequent stage IIIB and IV tumors and ETR. As shown in Table III , portal vein invasion (stage IIIB and IV) and ETR were low in HCC without the aberrant expression of ALDOB and HKII, but increased by more than four-and two-fold, respectively, in HCC, with aberrations of the two genes (p<1x10 -7 and p<0.0001, respectively). Almost identical results were observed for the p53 mutation and ALDOB down-regulation as well as p53 mutation and HKII overexpression (Table III) .
Discussion
HCC arises from the largest, highly vascular and relatively hypoxic metabolic organ, the liver and has some unique features distinct from other human cancers. HCC receives predominantly arterial blood from the hepatic artery but is shut off from the hypoxic although nutrients enrich portal blood for the liver, which inevitably forces the cancer cells to make a metabolic switch to ensure the energy sources. In this study Table II . Risk factors for early tumor recurrence. 
of the expression of the two important glycolytic enzymes ALDOB and HKII in 203 surgically resected unifocal primary HCCs, ALDOB mRNA expression was significantly decreased in 116 (57%) and maintained in the remaining cases (43%), whereas HKII mRNA was overexpressed in 70 (34%) primary HCCs. These alterations are in agreement with the suggestion that HCC has to use alternative metabolic pathways for energy sources crucial for tumor growth because of the dramatic microenvironmental changes. Although the frequent aberrant expression of ALDOB and HKII has been reported in human HCC (26, 33) , the clinical or pathological significance is not clear. We showed that the down-regulation of ALDOB was the predominant change of the glycolytic enzymes in the human HCC because of its relative abundance in the adult liver and the frequent and dramatic decrease in HCC. Theoretically, the down-regulation of ALDOB would hamper glucose utilization and suppress tumor growth, and thus tumor metastasis. However, we showed that ALDOB downregulation was associated with high grade (II-IV, p<0.0001) stages and, importantly, a more aggressive stage IIIB-IV HCC (p<0.000001). These findings suggest that HCC has successfully developed alternative paths for energy sources, such as the overexpression of HKII and ALDOA. The ALDOA overexpression was found in 45% of 203 HCCs and often in the HCC-bearing livers, but the overexpression did not correlate with tumor progression (data not shown).
HKII serves as one of the strategies for cancer cells to maintain efficient glucose utilization (23, 27) to assure a growth advantage under hypoxic conditions in rapidly growing tumors (20) . HKII was expressed in almost all the cancer and immortalized cells, the HKII overexpression was less frequent (35%) and the mRNA expression levels lower in human HCC compared with HCC cell lines. Besides, the non-tumorous livers, which had chronic hepatitis and/or liver cirrhosis, also had various degrees of HKII expression, with evident overexpression in 13%. Regardless of its relatively low frequency, HCC with HKII overexpression had a higher grade II-IV (p<0.000001) and stage IIIB-IV tumor (p<0.000001) than HCC without the overexpression. Since stage IIIB-IV HCCs had a portal vein invasion and tumor satellites indicative of intrahepatic metastasis in 87% of the cases, these results were consistent with the suggestion that HKII expression contributes to HCC progression (20, 43) . Taken together, our findings suggest that ALDOB downregulation and HKII overexpression are important biomarkers associated with more advanced HCC and not simply epiphenomena of tumor growth.
Despite improvements in patient management, the longterm prognosis of HCC patients after surgical resection remains grave, mainly because of the early tumor recurrence (ETR). ETR is the most crucial clinical factor predictive of poor prognosis and <20% of the HCC patients with ETR can survive for >5 years (35, 36) . Hence, molecular markers useful for the identification of high risk patients are needed. In this study, we showed for the first time that HCC with ALDOB down-regulation or HKII overexpression had an increased risk for ETR, p<0.0001 and p<0.01, respectively, and served as new molecular risk factors for ETR, in addition to a high AFP (p<0.0001) and p53 mutation (p<0.001). Consistent with the association with advanced tumor stage and frequent ETR, HCC with ALDOB down-regulation or HKII overexpression had a significantly lower 5-year survival rate, p=0.000001 and p=0.0062, respectively. Although a high tumor stage is the most important histopathological risk Table III . Interaction between the aberrant expression of ALDOB and HKII and p53 mutation in relation to vascular invasion. -
-----------------------------------------------------------------------------------------------------
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factor for the poor prognosis of HCC (35) , the patients of the same tumor stage often have a different prognosis, particularly in patients of the low-stage tumor that had no vascular invasion and thus fewer histological markers for the prediction of prognosis. We found that ALDOB downregulation identified a subset of stage II HCC patients with a higher risk for ETR (p<0.05) and a poor prognosis (p=0.015), but not the overexpression of HKII. The mutation of the p53 gene is one of the most common genetic aberrations in tumorigenesis (44) (45) (46) . The p53 mutation can promote tumor cell growth and exhibit an oncogenic gain of function (47) (48) (49) (50) . Importantly, the p53 mutation is associated with a more aggressive HCC (39, 40) . The promoter of HKII contains two functional p53 motifs and is activated by mutant p53 (28) . We showed that HKII overexpression positively correlated with p53 mutation (p<0.01), but the ALDOB down-regulation did not. This finding may explain in part the relatively lower frequency of HKII overexpression in human HCCs, in which <50% harbor a p53 mutation, compared with HCC cell lines which mostly have a p53 mutation. Due to their association with HCC progression, we then performed a pairwise analysis to explore the interaction between these three genetic and epigenetic alterations (ALDOB down-regulation, HKII overexpression and p53 mutation). We showed that they interacted with one another. Furthermore, HCC with any combination of two events had more stage IIIB-IV tumors by more than four-fold (all ps<1x10 -7 ) and ETR by more than two-fold (all ps<0.0001), as compared with HCCs with neither of the two events.
In summary, we provided in vivo evidence linking the aberrant expression of ALDOB and HKII to an enhanced metastatic potential of HCC, ETR and the poor prognosis of HCC. The down-regulation of ALDOB helped to identify subsets of low-stage HCC patients with a poor prognosis.
